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cillin (an inhibitor of peptidoglycan synthesis) was shown to generate giant protoplasts (Kuroda et al., 1998; Kusaka, 1967; Nakamura et al., 2011) .
Generally, DNA duplicates before cell division, and it is distributed to each cell during cell division. Most bacteria undergo symmetric binary fission. During the growth of spheroplasts, although cell division was not observed, DNA replication was, indeed, observed (Kuroda et al., 1998; Nakamura et al., 2011) . However, it is uncertain whether plasmid DNA replicates during spheroplast growth. Several factors influence the synchronous regulation between chromosome and plasmid (Nordström and Dasgupta, 2006) .
In this study, we measured the chromosomal and plasmid DNA of E. coli spheroplasts by using real-time quantitative PCR, in order to elucidate the change in copy numbers of chromosomal and plasmid DNA during the growth of spheroplasts.
Materials and Methods
Preparation of giant spheroplasts from E. coli. Giant spheroplasts were prepared using a modified version of the method previously described by Kusaka (1967) and the spheroplast incubation method reported by Kuroda et al. (1998) . E. coli SCS1 (Stratagene) cells, which was transformed with the plasmid pHRP311 (14 kbp) with an RSF1010 replicon, were grown on marine broth agar (Difco) containing streptomycin under aerobic conditions. The harvested cells (0.003 g) were suspended in a buffer (1 mL) consisting of 0.1 M Tris-HCl (pH 7.6) and 0.3 M sucrose. Lysozyme (Wako) (200 µg/mL) was added to the cell suspension, and the suspension was incubated at 37°C for 15 min. After the suspension was divided into 2 aliquots (500 µL each), the cells were harvested (centrifugation Quantitative analysis of chromosomal and plasmid DNA during the growth of spheroplasts of Escherichia coli (Received August 8, 2015; Accepted September 9, 2015) Sawako Takahashi and Hiromi Nishida* 
Introduction
Bacterial L-forms and protoplasts (or spheroplasts) lack a cell wall. Although protoplasts do not normally undergo prolonged growth or division, L-forms divide via various processes, including membrane blebbing, tubulation, vesiculation, and fission (Errington, 2013) . Spheroplasts or L-forms can recover to their native forms and cell wall synthesis plays an important role in this (Billings et al., 2014; Kawai et al., 2014; Ranjit and Young, 2013) . For example, spheroplasts lacking penicillin binding protein 1B (related to the synthesis of cross-linked peptidoglycan) cannot divide or recover their native forms (Ranjit and Young, 2013) . Interestingly, incubation of the spheroplasts formed by lysozymes in the presence of peni- Phase contrast microscopy images were observed using Olympus CKX41; bar = 50 µm.
Fig. 2. Distribution of delta Cq values.
The delta Cq-value is the Cq value at 0 h of growth minus the Cq value at each subsequent time point (Table 1) . for 5 min at 3000 rpm) and resuspended in marine broth (500 µL) containing 600 µg/mL penicillin G (Serva). This suspension (2 µL) was diluted into marine broth (500 µL) containing 600 µg/mL penicillin G. The suspension was incubated at 24°C. We used spheroplasts from various time points of growth: 0 h, 3 h, 6 h, 9 h, 12 h, and 24 h. Three biological replicates were collected for each sample. Real-time quantitative PCR. DNA was extracted from the whole culture (500 µL) and purified using the NucleoSpin Tissue XS kit (Macherey-Nagel). Of 20 µL of each DNA solution, 5 µL was used for real-time quantitative PCR. We used the primers (PCR product size, 130 bp) designed for the single-copy gene uidA to detect chromosomal DNA (Chern et al., 2009 ). In addition, we designed primers (5′-CCACATCGAGGAAGAAAACG-3′ and 5′-CACGAT-AGAGCACCCGGTAT-3′; PCR product size, 91 bp) for repA and primers (5′-AATGCCATGTGGTCAAAGGT-3′ and 5′-CGATGCAGTCCTGTATGTGC-3′; PCR product size, 99 bp) for repC by using Primer3 (http://bioinfo.ut.ee/ primer3-0.4.0/) and used them to detect the plasmid pHRP311. The DNAs were amplified with the FastStart Essential DNA Green Master kit (Roche) by using the LightCycler Nano system (Roche). PCR was performed using the following cycling conditions: an initial denaturation at 95°C for 600 s, 45 cycles of denaturation (95°C for 10 s), annealing (55°C for 10 s), and extension (72°C for 15 s). After extension, a melting curve cycle was performed from 60°C to 97°C at 0.1°C/s to confirm that nonspecific products were not generated. The quantification cycle (Cq) values were obtained using LightCycler Nano Software (Roche). Statistical analysis. We performed a pairwise t test among Cq values at each time point of growth with Holm adjustment using R (http://www.r-project.org/). In addition, we calculated a delta Cq value as follows:
(Cq value at 0 h of growth -Cq value at each time point of growth).
Results and Discussion
In marine broth, the spheroplasts of E. coli enlarged in the presence of penicillin and elongated in the absence of penicillin (Fig. 1) . However, in Luria-Bertani (LB) broth, they did not elongate in the absence of penicillin (data not shown). In this study, we generated giant spheroplasts of E. coli in marine broth. The size of the E. coli spheroplasts produced was limited to a diameter of 17 µm at 48 h of growth (data not shown). Our method to generate a giant spheroplast is different from previous works (Kikuchi et al., 2015; Kuroda et al., 1998; Martinac et al., 2013) . Our method may be the simplest method to generate E. coli giant spheroplasts.
In each sample, the Cq values tended to decrease during growth (Tables 1 and 2 ). Both chromosomal and plasmid DNA increased. In the presence of penicillin, the cells could not divide, because of the inhibition of peptidoglycan synthesis. Thus, the amount of DNA in each cell increased. This result is consistent with that of previous reports (Kuroda et al., 1998; Nakamura et al., 2011) . The Cq values of both chromosomal and plasmid DNA of one of the three samples at 24 h of growth were higher than the others in the absence of penicillin (Table 1) . As a result, the variation in Cq values at 24 h of growth in the absence of penicillin was larger than that in the presence of penicillin (Fig. 2) .
In this study, we used the broad-host-range plasmid pHRP311 with an RSF1010 replicon (Parales and Harwood, 1993) . This plasmid was maintained in the host cells of E. coli grown in the antibiotic-free medium. This plasmid carries resistance genes for gentamicin, streptomycin, and spectinomycin. We did not add the three antibiotics in marine broth. Although we used penicillin as an inhibitor of peptidoglycan synthesis, pHRP311 does not have a penicillin resistance gene. The quantity of DNA increased during growth in the absence, as well as the presence, of penicillin (Table 1, Fig. 2 ), indicating that plasmid DNA replication occurred during growth as well as the chromosomal DNA replication. In addition, the increase in plasmid DNA occurred after the increase in chromosomal DNA, especially in the presence of penicillin (Fig. 2) , suggesting that DNA replication in the plasmid as well as in the chromosome was controlled during the growth of spheroplasts.
Interestingly, in the absence of penicillin, the cells elongated during growth in marine broth. Spheroplasts of E. coli recover to their native forms in LB broth (Ranjit and Young, 2013) . The cells probably synthesize the cell wall during the elongation process, because the rate of increase in DNA in the absence of penicillin was higher than that in the presence of penicillin (Fig. 2) .
Our findings strongly suggest that although spheroplasts cannot divide, plasmid DNA replication may be synchronously regulated with chromosomal DNA replication during spheroplast growth.
